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Our understanding of the developmentally critical process of cell-cell fusion has been greatly
advanced by the identification of the first family of cell-cell fusion proteins. Together, the two found-
ing members of the FF family execute the majority of cell-cell fusion events in C. elegans.Fusion of biological membranes is a
fundamental process mediating both
beneficial (gamete fusion and myo-
blast fusion) and pathological (virus-
cell fusion) events. Fusion reactions
can be distinguished topologically
based on whether the first contacting
bilayer leaflets face the extracellular
space or the cytoplasm. Former events
include all virus-cell and cell-cell fu-
sions; the latter include all intracellular
fusion reactions. In recent years we
have witnessed a virtual solution to
the viral fusion problem (Weissenhorn
et al., 2007) and we have realized that
the mechanisms by which SNAREs
mediate intracellular fusion (Jahn and
Scheller, 2006) and class I viral fusion
proteins mediate virus-cell fusion
share structural similarities (helix
bundle formation). We have also re-
cognized a common pathway of lipid
bilayer merger from membrane appo-
sition / hemifusion / small fusion
pore/ enlarged fusion pore (Cherno-
mordik et al., 2006). In contrast, the
process of cell-cell fusion, which is
topologically equivalent to virus-cell
fusion, has remained relatively re-
fractory to molecular analysis (Chen
et al., 2007). We need to identity the
proteins that mediate cell-cell fusion
and ascertain how they function. An
article in this issue of Developmental
Cell provides a big advance by intro-
ducing the first family of cell-cell fusion
proteins (Sapir et al., 2007).
The union of previously separated
cells initiates important developmental
pathways. Examples include gamete
fusion, myoblast fusion, osteoclast
formation, production of the syncytial
lining of the placenta, and morphoge-
netic fusion events in C. elegans. Sev-
eral cell surface proteins involved incell-cell fusion have been identified
(Chen et al., 2007; Primakoff and
Myles, 2007), including Izumo and
CD9 on, respectively, mammalian
sperm and eggs, PRM1 and FIG1 on
the surface of mating yeast, several
cell adhesion proteins on the surfaces
of myoblasts and macrophages, and
syncytin, an endogenous retroviral
glycoprotein that mediates fusion of
placental syncytiotrophoblasts (Peng
et al., 2007). However, aside from syn-
cytin (which can really be considered
a viral fusion protein), the only cellular
protein heretofore shown to be a likely
bona fide cell-cell fusion protein was
the C. elegans protein, EFF-1 (epithe-
lial fusion failure). Genetic studies
showed that EFF-1 is needed for epi-
thelial cell-cell fusion (Mohler et al.,
2002), and gain-of-function studies
showed that EFF-1 is sufficient to con-
fer fusion to normally non-fusogenic
cells (Podbilewicz et al., 2006).
Despite the large-scale ablation of
epithelial fusions seen in EFF-1 mu-
tants, specific cell-cell fusion events,
including sperm-egg fusion and sev-
eral fusion events involved in forming
the vulva, still occur. This led Podbile-
wicz and coworkers to postulate that
there must be other fusion proteins in
C. elegans. In the present work (Sapir
et al., 2007), they first identified AFF-
1 (anchor cell fusion failure) as a protein
needed for EFF-1 independent fusion
events involved in vulva formation.
They then, importantly, showed that
AFF-1 is sufficient for cell-cell fusion
by showing that expression of AFF-1
(in vivo and in tissue culture) confers
fusion to normally nonfusogenic cells.
Remarkably, the sequence of AFF-1
revealed it to be a relative of EFF-1.
Despite modest amino acid related-Developmental Ceness, AFF-1 and EFF-1 (and their ho-
mologs in other worms) align at 16
cysteines and 11 prolines in their ecto-
domains. A segment of 100 amino
acids, in the ectodomains, shares
cysteine alignment (9 of 10 cysteines)
with TGF-b receptor family members.
These sequence alignments strongly
suggest that AFF-1 and EFF-1 are
structurally related, and that they are
the founding members of the first
family (named FF for fusion failure) of
cell-cell fusion proteins.
Two immediate questions come to
mind. The first is whether there are
other FF or FF-like proteins. Although
there do not appear to be any addi-
tional clear homologs, the authors
raise the possibility that proteins in
other organisms with TGF-b receptor-
like motifs may be involved in other
cell-cell fusion events. Furthermore,
as we now appreciate with viral fusion
proteins, structurally distinct proteins
may use similar fusion mechanisms.
It is therefore very important to ad-
dress the second immediate question:
how do the FF proteins function?
At present we recognize two mech-
anisms by which membrane fusion
proteins function. The first is a ‘‘fold-
back’’ or ‘‘trimer-of-hairpins’’ mecha-
nism used by all characterized viral fu-
sion proteins, which now fall into three
distinct structural classes. Class I viral
fusion proteins have prominent a-heli-
cal coiled-coil regions that ultimately
meld into six helix bundles. Class II
proteins are composed largely of b-
structure and differ in other important
respects from class I proteins. Class
III proteins combine features of the
other two classes. Yet, despite signifi-
cant differences in structure, all char-
acterized viral fusion proteins usell 12, May 2007 ª2007 Elsevier Inc. 667
Developmental Cell
Previewssimilar conformational changes to me-
diate fusion. In response to a fusion
trigger, they reposition a hydrophobic
fusion peptide (or loop[s]) so that it
latches firmly into the target mem-
brane. The protein then folds essen-
tially in half (foldback) and in so doing
forms a trimer-of-hairpins that physi-
cally tugs the two membranes to-
gether. The trimer-of-hairpins of class
I and III proteins contain helical coiled-
coils; the class II hairpins do not.
Although SNARE-mediated fusion
involves formation of four helix bun-
dles that pull membranes together,
the fusion mechanism of SNAREs is
more akin to a ‘‘zippering’’ process (a
‘‘second’’ mechanism). One SNARE
must be anchored in a donor and one
in a targetmembrane. Themembranes
are pulled together as the SNARE heli-
ces zip together.
A fundamental difference between
foldback and zipper mechanisms is
whether the fusion protein has the
capacity to be simultaneously an-
chored, hydrophobically, to two
membranes. Viral fusion proteins can
do this because they have a fusion
peptide (or loop[s]) in addition to
their transmembrane domain(s), but
SNARE proteins, having only a single
membrane-embedding region (their
transmembrane domain), cannot. A
corollary is that for the foldback mech-
anism only one membrane (the donor)668 Developmental Cell 12, May 2007 ª2requires a fusion protein, but for the
zipper mechanism both the donor
and target membranes must contain
a fusion protein. FAST proteins, which
induce fusion of cells infected by non-
enveloped reoviruses and which are
the smallest known fusion proteins,
share some features with enveloped
virus fusion proteins, but their precise
mechanism remains uncharted (Top
et al., 2005).
It is tantalizing to speculate that FF
proteins employ an ectodomain zip-
per-like mechanism, despite our previ-
ous association of zipper mechanisms
only with cytoplasmic SNARE-medi-
ated fusion. A previously noted hydro-
phobic region in the EFF-1 ectodo-
main is only moderately conserved
and somewhat less hydrophobic in
AFF-1, suggesting that FF proteins
may have only one membrane-em-
bedding domain, their transmembrane
domain. Moreover, EFF-1 is needed in
both donor and target membranes for
fusion to occur (Podbilewicz et al.,
2006), and the expression pattern of
AFF-1 is consistent with a similar re-
quirement. If FF proteins do employ
an ectodomain zipper mechanism,
the in vivo data suggest it would have
to form a homotypic zipper, in contrast
to SNAREs, which employ different
SNAREs in donor and target mem-
branes. However, whether FF proteins
use a zipper, a foldback, or a novel007 Elsevier Inc.mechanism to elicit cell-cell fusion re-
mains a topic for further research.
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